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Several things, that were not all of my own choosing, have conspired to keep me out of 
active participation in membrane events for a while. But the spectator sport that I call 
"membrane watching" is far from dull. It may be as rewarding as such things as birds, 
Congress, girls, bali games, or the Berkeley campus--particularly when you feel your- 
self somewhat qualified. Of course you lose the tremendous reward of that first glimpse 
of the unknown, and you are without much of the solid foundation and expertise of 
the professional specialist. But you can skim the excitement from dozens of workers 
without all their frustrating drudgery, and you can flex your muscles, even grunt, to 
help them along. 
As to the background, much of the present excitement stems from the North Atlan- 
tic squid and its giant axon which Young (1) promoted 30 yr ago. But thls lovely beast 
has only  just now been fairly shown to the public by the National Geographic (2). 
By Pearl Harbor, the membrane of this half-millimeter axon was described as an 
electrical capacity (3)  with some conductance (4). The capacity was quite constant 
and independent of spectacular changes in the conductance (5).  So the capacity G, 
Fig.  1 has mostly been left for others to struggle with, and progress has been slow. 
Whereas a Debye dielectric dispersion behaved as 1 or i~or, many solids followed the 
empirical relation (6)  1 or  (io~r)  ~. But then, with some theoretical basis,  there were 
liquids which behaved (7)  according to (1  or io~r)o, and now a large number of pol- 
ymers are well described (8)  by [1 or  (io~r)~]  n. Explanations may be slow in coming 
and may not be much help for cell membranes. We can watch and hope, but for them 
we only know a high-frequency approximation (9) (i~0r)v. 
T 
membrane impedance  measurements  which  gave  basis for  some 
other subthreshold phenomena. 
The membrane conduction current, Fig. 1, which seemed certain to be ionic, was 
highly nonlinear in steady state (9) and showed an amazing inductive behavior (10). 
An explanation on the basis of electrodiffusion (I 1) of potassium, Fig. 2, was successful 
enough (12)  to be very attractive for a long time. The subthreshold data were later 
fully confirmed and carefully described in terms of potassium (13) but we have seen the 
electrodiffusion theory become quite feeble over the quarter century (14). 
However, we traced the ion conduction during an impulse,  1 Fig. 3, to find that in 
1 Cole, K. S., and H. J. Curtis. Unpublished calculations. 
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Fmtrm~ 2.  An electrodiffusion model to explain rectifi- 
cation  and  inductive reactance  in  terms  of changes  of 
potassium ion concentration profile across a  membrane: 
E  at equilibrium, O at zero potential, and dashed curves 
at high in and out fields. 
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F1otraE 3.  A  trajectory of conduction current as the function  of membrane potential 
during a  propagating impulse. It was assumed that the initial membrane conductance 
was negligible below 20 my. 
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FmtrgE 4.  Compressing force, F, vs. height, h, for a  usual, positive, spring, left, and a 
negative spring, right. A weight gives A and an unstable equilibrium at the center inter- 
section while for a strong spring there is only the stable intersection with B. 
the rising phase of the potential the current went  in  the wrong  direction: southeast 
instead of northeast as it does for a  conventional conduction process. There are some 
analogies for this negative conductance:  the passive iron wire,  a  dynatron,  a  tunnel 
diode, a  positive thermistor; and  they can  all give excitation and  propagation.  An- 
other example is a  negative spring (15) : after an inadequate stimulus it returns to rest KENNETH 8.  COLE  Membrane Watching  3s 
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FIGURE 5.  The  analysis  of  the 
conduction  current,  Ig,  after  a 
depolarizing  voltage  clamp,  into 
the  fast,  transient  sodium  and 
slow,  potassium  components,  I~r~ 
and I~. 
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FIoum~ 6.  The peak values  of the early, sodium cur- 
rents,  I~,  and  the steady state,  potassium  currents I~, 
after  clamps from rest to a series of  depolarizing potentials. 
and above threshold it goes to the height of activity, A, Fig. 4. But if we couple it to a 
sufficiently strong positive spring, B, we can hold it in any position. 
So, after World War II, we returned from the analogies back to the axon and ap- 
plied step changes of potential to the membrane  (16), the beginning of the voltage 
clamp. This gave (17) an early current of sodium which was replaced by a steady state 
current of potassium, Fig. 5. The peak values of I~,  did indeed givO a  negative, i.e. 
southeast, conductance, Fig. 6. Then we could see that this was a necessary, and might 
be a sufficient, condition for excitation and conduction. But it is discouragingly tran- 
sient and only a quasi-steady state at best. 
By replacing the outside sodium with potassium the resultant Ix shows a  negative 
conductance, Fig.  7, which is near steady state  (18). The same sort of thing is also 
found for half a  dozen other excitable membranes including lobster axon  (19), frog 
node (20), and an electroplax (21) in current clamp. 
So here  is  a  really good  problem:  what  makes  the  negative  conductance?  One 
answer is calcium. With only potassium inside and outside, the conductance is positive 
and almost linear, Fig. 8, forDosidicus  (22) and Loligo (23). But the negative limb appears 
and moves toward more positive potentials as calcium is made available (24). We may 
think of calcium as blocking the potassium conduction process by some electroadsorp- 
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tion mechanism, and there are reasons to suspect something similar for sodium (25). 
So calcium is highly provocative and worth watching. 
All of us hoped for agents that would be specific for the sodium and potassium pro- 
cesses.  I  made  the  mistake of expecting them to come from the  pharmacopeia,  but 
tetrodotoxin  (TTX),  saxitoxin  (SXX),  and  tetraethyl  ammonium  (TEA)  are  not 
there. TEA has the advantage of being an ion so the dosage to the membrane can be 
controlled electrically (26). Assuming that one TEA plugs a  potassium channel, these 
channels have 2.101~  ohms resistance,  and are 250 A  apart. Lobster axons stop con- 
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Fiotrm~ 8.  Loligo  axon with only isoosmotic potassium outside and inside gives the steady 
state llne, D, approximately. C is for normal axoplasm in which there may be a  trace of 
calcium. B is for axoplasm and normal calcium outside. A is for five times normal external 
calcium. 
ducting  (27)  after they soak up TTX with an average distance between molecules of 
3000 A to give a channel resistance of at least 101° ohms. 
By now the assumptions of processes specific for sodium and potassium seem also to 
have been rather naive. Probably almost any ion, from lithium to calcium and chlo- 
fide,  can be carried  to some extent by a  fast process such as was first described for 
sodium. Similarly, the slow process is not restricted to potassium, although the spec- 
trum of substitutes is not so broad. Further, without regard to the particular ions being 
carried, the action of TTX and some other agents is only on the fast process while that 
of TEA operates exclusively on the  slow process. The  prize example is ammonium Kssr~sTn  S. COLE  Membrane  Watching  5 s 
(28). It can be carried by the fast system, a third as weU as sodium, and is blocked by 
TTX. But it can also be carried by the slow system, half as well as potassium, and this 
is blocked by TEA. We may now suspect (29)  that there are two kinds of channels, 
each with its own kinetics. Then the number of channels which are in operation de- 
pends only upon the  acceptability of the ions available and presence of blockers for 
each kind of channel. This vague concept can't last long, and we watchers can only 
expect it to be replaced by one with more intimate details. 
Many of us have been intrigued by the puzzle of the distribution and nature of an 
elcmcntary membrane ion conduction unit, pore, or process. Is it graded or completely 
on-or-off? Is each completely independent of all others, or do some cooperate and act 
together in sizeable groups? In a steady state is the pattern fixed, or is each unit of the 
population varied to give only a constant average current? I have long liked to assume 
independent on-and-off channels so I  am pleased, to say the least, with node data (30) 
which  can  be interpreted  this way. There  is only a  pulse,  resistor  spectrum at the 
potassium potential, but flicker, 1  If, noise is added at the rest potential, Fig. 9. From 
this we  3 come to potassium channels  with  a  resistance  of 101° ohms which  turn  on 
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and off at random and are 3000 A  apart at rest or 1000 A  at maximum conductance. 
This seems to me to be not only good evidence, but also the best evidence, as to the 
nature of the conduction process. But it will have to be improved to survive. 
There are also surprises, and one of these was quite devastating to my complacency. 
Membranes of adjacent cells are often found quite close together and the resistance 
across both membranes may be entirely reasonable,  1000  ohm.era  ~ or so.  But now 
there are probably a dozen examples of tight or electrotonic junctions (31). These have 
resistances from only a fraction of an ohm. cm  ~ down to praeticaUy nothing. Some can 
be separated osmotically or by low calcium. There should bc some interesting action 
to watch as these mechanisms are worked out I 
Artificial membranes are about as old as Ringling Bros. or Barnum & Bailey but the 
current work on bilayers has more rings and side shows than anybody can keep track 
of. Such things as lecithin are stabilized at a  60 A  thickness and are almost imperme- 
able to ions (32). Although traces ot some polypeptides increase the permeability, the 
cyclic valinomycin is an especially fetching model. This doughnut  should  attach to 
lipid around its outside and let potassium through the hole (33). 
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A  number of unidentified and unclassified proteins (34) can increase the ion per- 
meability by 10  ~. Analyses (35)  and inactivation experiments  4 suggest that this con- 
duction is along arms that go through the bilayer, and Onsager (36) proposed a pro- 
ton-assisted  ion  passage  along  polar  groups  analogous  to  conduction in  ice.  Such 
mechanisms should then account for a channel resistance of 109 ohms given by random 
current fluctuations.  4 But also these activating agents may produce (37)  one or two 
southeast-northwest  limbs  on  the  current-voltage characteristic,  Fig.  10.  So  these 
membranes are excitable. They are certainly spectacular analogies and perhaps even 
primitive models of excitable living membranes. Although we don't know what these 
bilayers are or how they work, I feel sure that we will miss something important if we 
ignore them. 
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Flotm~ 10.  Steady state  characteristic  for an artifi- 
cial phospholipid  bilayer with an activating protein. 
Anyone who takes this commentary seriously may criticize me as being facetious, 
prejudiced, superficial, and limited. There are those who don't want to take Hodgkin 
and Huxley as a  starting point. The bilayer model is being both questioned and ex- 
tended. Proteins are vastly more important than I  indicate. Isolated membranes are 
being used everywhere. There must be much more that either I do not know or fail to 
appreciate. 
About 1962 I  predicted that another decade would produce at least the beginning 
of a  sound understanding of membrane structure and ion permeability. At this point, 
I  am  even more  confident that  the various approaches  and  languages  will  merge 
enough by then to focus membrane watching on the winners. 
REFERENCES 
1.  YotrNo, J. Z. 1936. Cold Spring Harbor Symp. Quant. Biol. 4:1. 
2.  Voss, G. L., and R. F. SIssoN. 1967. Nat. Geograph. Mag. 131:386. 
3.  CURTm, H. J., and K. S. COLE. 1938. J. Gen. Physiol. 21:757. 
4.  COLE,  K. S., and A. L. HODGKXN. 1939. Jr. Gen. Physiol. 22:671. 
5.  COLE,  K. S., and H.J. CURTm. 1939. J. Gen. Physiol. 22:649. 
6.  COLE,  K. S., and R. H. COLE. 1941. J. Chem. Phys. 9:341, 1941. 
7.  COLE,  R. H., 1965. J. Cellular Comp. Physiol. 66: (Suppl. 2) : 13. 
8.  HAV'RILIAK,  S., and S.J. NEGAML 1966. PolymerSci. (C) 14:99. 
9.  COLE,  K. S., and H.J. CURTIS. 1941. J. Gen. Physiol. 24:551. 
10.  Co~, K. S., and R. F. BA~R.  1941. J. Gen. Physiol. 24:771. 
4 Bean, R. C. Unpublished data. KENNETr~ S.  COLE  Membrane Watching  7 s 
11.  COLE,  K. S. 1947. Inst. Biophys. Publi. No.  1, Rio de Janeiro. 
12.  COLE,  K. S. 1941. J. Gen. Physiol. 25:29. 
13.  HODOKIN,  A. L., and A. F. HUXLEY. 1952, J. Physiol.  (London).  117:500. 
14.  COLE,  K. S. 1965. Physiol. Rev. 45:340. 
15.  COLE,  K. S. 1965. In Theoretical and Mathematical Biology. T.  H. Waterman 
and H. J. Morowitz, editors. Blaisdell Pub. Co., 137-171. 
16.  COLe,  K. S. 1949.Arch. Sci. Physiol. 3:253. 
17.  HODGKIN,  A. L., and A. F. HUXLEY. 1952, J. Physiol.  (London).  116:449. 
18.  MOORE,  J. W. 1959. Nature.  183:265. 
19.  JULIAN, F. J., J. w. MooRE, and D. E. GOLDMAN. 1962. J. Gen. Physiol. 45:1217. 
20.  DODOr~, F. A. 1963. Thesis. The Rockefeller Institute, New York. 
21.  B]~r~NETT, M. V. L., and H. GRUNDF~ST. 1966.  J. Gen. Physiol.  50:141. 
22.  ROjAS,  E., and G. EHRENSTEXN. 1965. J. Cellular Comp. Physiol. 66 (Suppl. 2) : 71. 
23.  L~CAR, H., G.  EHRENSTEm, L. B~STOCK, and R.  E.  TAYLOR. 1967. J.  Gen. 
Physiol.  50:1499. 
24.  GILBERT, D. L., and G. EHRENSa'Em. 1965. Abstracts of the 23rd International 
Congress of Physiological Science, Tokyo. No.  148. 
25.  FRANKENHA~USER,  B. 1957. J. Physiol.  (London).  137:245. 
26.  ARMSTRONG, C. M. 1966. J. Gen. Physiol. 50:491. 
27.  MOORE,  J. W., T. NARAnASHI,  and T. I. SHAW. 1967. J. Physiol.  (London).  188:99. 
28.  BmSTOCK, L., and H. I.~CAR. 1967. Abstracts of the 1  lth Annual Meeting of the 
Biophysical Society.  19. 
29.  HILLE,  B.  1966. Nature.  210:1220. 
30.  DERKSEN,  H. E., and A. A. VERVEF,  N, 1966. Science. 151:1388. 
31.  LOEWENSTEIN,  W. R. 1966. Ann. N. Y. Acad. Sci.  137:441. 
32.  THO~a'SON, T. E. In Cellular Membranes in Development. Academic Press Inc., 
New York.  83-96. 
33.  ANDREOLI,  T., P. CooK, and D. C. Tosa~soN. 1967. Abstracts of the 1  lth Annual 
Meeting of the Biophysical Society. 9. 
34.  MtrELta~R,  P., D. O. RUDm, H. TmN, andW. C. WESCOTT. Nature.  1962. 194:979. 
35.  WALLACH,  D. F. H., and P. H. ZAHLER. 1966. Proc. Natl.Acad. Sci. U. S. 56:1552. 
36.  ONSAOeR, L. 1967. Science. 156:541. 
37.  MtrELLF.R,  P., and D. O. RtroxN. 1963. J. Theoret. Biol. 4:268. 